ABSTRACT. Gold nanoparticles (GNPs) with controlled geometric properties are new options for the management of inflammatory responses and therapy for various diseases, including diabetes mellitus, rheumatoid arthritis, and connective tissue diseases. We examined anti-inflammatory impacts of sugar coated GNPs with different sizes on carrageenan-induced rat paw inflammation. The synthesized GNPs were compared with indomethacin, methotrexate and the commercial gold preparation myochrysine. While methotrexate and myochrysine did not have any significant effects on rat paws, GNPs significantly decreased the inflammatory responses, comparable with indomethacin, a standard anti-inflammatory drug in the rat paw model. There was no harmful effect on metabolic activity 
INTRODUCTION
GNPs from aggregating. Recent work by Qi et al. has shown that disaccharide cannot reduce HAuCl 4 to generate gold nanoparticles (Qi et al., 2004) . However, carbohydrate coatings significantly decrease aggregation, which facilitate their application even after freeze-drying (Qi et al., 2004) .
We investigated anti-inflammatory and cytotoxic properties of GNPs in a rat model. Two sizes of GNPs 21and 34 nm were synthesized with desirable geometrical characteristics via the Turkevich method with slightly modification. Carrageenan used to induce inflammation in rat paw. The inflammation responses and toxicity effects of synthesized GNPs evaluated in vitro and in vivo.
Material and Methods

Material
All chemicals used in this study were purchased from Merck Co. (Germany) and Sigma-Aldrich Co. (USA) without any further purification. The RPMI 1640 medium, penicillin-streptomycin mixture, phosphate-buffered saline (PBS, pH: 7.4) and fetal bovine serum (FBS) were purchased from Lonza (Verviers, Belgium). Myochrysine and methotrexate were obtained from a local drugstore. Instant ELISA Kits from IBL (Hamburg, Germany) were used to evaluate production of TNF-α, IL-1β and IL-6 by an enzyme linked immunosorbent assay (ELISA) method.
Synthesis of GNPs
GNPs were prepared according to the Turkevich method with a slight modification (Kimling et al., 2006) . Briefly, 4 mM chloroauric acid (HAuCl 4 .3H 2 O, 99.9%) was added in 1000mL boiling distilled water and then 0.8 g tri-sodium citrate was quickly added. The mixture was vigorously stirred for 10 min under boiling conditions. The GNPs were formed by stirring for 20 min without heating. The mixture had a red wine color, which indicates GNPs formation. The lyophilized GNPs were obtained by freeze-drying.
Preparation of sucrose capped GNPs
Sucrose capped GNPs were prepared according to above mentioned method (Kimling et al., 2006) . Briefly, first, chloroauric acid (HAuCl 4 .3H 2 O, 99.9%) solution with final 4 mM concentration was added to 1000 ml boiling distilled water at continuous stirring. In the first method, 0.8 g of trisodium citrate was quickly added, stirred, and kept boiling for another 10 min. After that 100 g sucrose was added to a prepared GNPs solution and stirred for an additional 30 min. without heating and aqueous solution turned wine red indicating GNPs formation.
In a second method, the GNPs were prepared as above, but 100 g of sucrose (10%; w/v) and 0.8 g of trisodium citrate were add simultaneously to boiling solution of chloroauric acid and heating continues for 10 min and finally stirred for an additional 30 min. without heating.
The resulting particle suspensions stocked in a brown bottle at 4 °C. The size of the synthesized GNPs was measured by Dynamic Light Scattering (DLS; 90 plus, Brookhaven Instruments Corporation, USA) and Transmission Electron Microscopy (TEM; CEM 902A; Zeiss, Oberkochen, Germany). The size of synthesized GNPs were 32 to 34 and 20 to 21 nm for these methods, respectively.
Carrageenan-induced hind paw edema
The carrageenan-induced hind paw edema model was used for the determination of anti-inflammatory activity (Amanlou et al., 2005; Farsam et al., 2000; Hansra et al., 2000) . In this study, Wistar rats (about 200 g) were maintained according to guidelines for proper conduct of animal experiment of the Tehran University of Medical Science. Before each experiment, the rats fasted for 24 h. The rats with non-significant difference in weight were divided into test and control groups (n=5 each). Each rat was evaluated once.
The synthesized GNPs ~21 and ~34 nm in different concentrations, indomethacin (4 mg/kg), and methotrexate (40 mg/kg), were diluted in 0.1% DMSO (v/v in distilled water) and administered intraperitoneally (i.p.) 30 min prior to the injection of 100 µL of 2% (w/v) carrageenan solution into the plantar side of right hind paws of the rats. The dosages of the GNPs were adjusted to the same level of Au in a 0.7 mg/kg dose of myochrysine, which is an anti-inflammatory dose in rheumatoid arthritis. Paw thickness was measured with a digital caliper immediately after the carrageenan injection, which considered as the baseline value for the hind paw thickness. The degree of swelling was evaluated through changes in thickness of the right hind paw. Each of indomethacin and methotrexate (suspended in 0.1% DMSO individually) were used as positive controls and 0.1% DMSO (v/v; vehicle) as negative control, respectively. After 6 h, the animals were sacrificed and the kidney and liver were extracted, fixed and stained with a standard hematoxylin/eosin (HE) staining method for cytological evaluation of inflammatory cells infiltration and cellular damage. Blood samples of the distal tail vein were collected for determination of inflammatory markers, including TNF-α, IL-1β and IL-6.
GNPs uptake measured by ICP-MS
To investigate hepatocellular uptake of the substrates in rat liver, liver samples were collected 6 h after injection of carrageenan in rat paw following sacrificing the animals by cervical dislocation. Samples (1 g of liver tissue) individually were digested in 20 mL of aqua regia (one-part concentrated HNO 3 to three-part concentrated HCl) (Coulter et al., 2012) . Gold concentration was analyzed by using Induced Coupled Plasma-Mass Spectrometry (ICP-MS, ELAN 6100 PerkinElmer Inc., Waltham, MA, USA) after filtration, which measures the absolute quantity of elemental gold with parts per billion (ppb) sensitivity.
In vitro cytotoxicity test
In vitro cytotoxic activity was determined by tetrazolium reduction assay (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide, MTT) in a Human Dermal Fibroblast (HDF-1) cell line, which was donated by the National Center for Genetic and Biological Reserves in Iran (Mehravi et al., 2013) . The cells were cultured in Dulbecco's Modified Eagle Medium supplemented with 10% (w/v) fetal bovine serum and 1% (v/v) penicillin-streptomycin. The medium was exchanged for a serum-free medium after 24 h incubation and the culture media was stabilized for an additional 24 h of incubation.
In the MTT assay, the HDF-1 cell line (1 × 10 4 cells per well) was incubated with five different concentration of synthesized GNPs (100 µg/mL, 500 µg/mL, 1, 5 and 10 mg/mL), in a 96 well tissue culture plate for 48 h. The untreated cells were used as a control condition. Then, cells were washed with PBS before adding MTT solution (20 µL of 5 mg/mL MTT solution per each well). After 4 h, the absorbance of the developed color of each well was measured at 570 nm using a microplate reader (ELx800 Absorbance Microplate Reader, BioTek, Winooski, USA) (Mosayebnia et al., 2014) , (Tabasi et al., 2013) , (Mahernia et al., 2017 ).
Evaluation of cytokine secretion
As a model of in vitro inflammatory response, the expression of pro-inflammatory cytokine TNF-α, IL-6 and IL-1β were determined 6 h after inflammation induction by carrageenan injection. The concentrations of TNF-α, IL-6 and IL-1β were determined by the Instant ELISA Kit according to the manufactures' manual by Noor Clinical Laboratory.
Statistical analysis
The results obtained from in vivo and in vitro assays were presented as means ± standard error of the mean (S.E.M). The significance of the differences between above mentioned test results were assessed by ANOVA analysis with P<0.05 considered to be significant (SPSS software, Ver. 20), The differences between hind paw thickness, in vitro cytotoxic, GNPs uptake and cytokine secretion in each individual groups during antiinflammatory testing period were evaluated using a one-way ANOVA test, followed by Tukey's post-hoc test for multiple comparisons. GraphPad Prism 5.02 (GraphPad Software Inc., San Diego, CA, USA) was used to perform the analysis.
Ethic statement
This study was carried out in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of Tehran University of Medical Sciences. The study protocol was approved by the Ethic Committee of experimental studies at the Tehran University of Medical Sciences (Permit Number: 73-2013). The animal tissues for ex vivo experiments were taken post mortem, immediately after the animals were sacrificed by cervical dislocation.
Results and Discussion
Nanoparticles characterization
The size of introduced particles in biological systems is one of the most important characteristics for its deposition pattern and fate. Particle size controls feasibility of its accessibility in target tissues, the mode of cellular uptake, and efficiency of particle processing in the endocytic pathway. The size of pure GNPs before sucrose addition was 16 R. Rahimnia et al 6 nm, with a narrow size distribution ( Figure 1A) . Meanwhile, as shown in Figure 1B , the size of particles was increased to 34 nm in the synthesis of GNPs by simultaneous adding sucrose to the GNPs suspension. The size of the particles was 21 nm after adding sucrose in the preparation of the gold nanoparticles ( Figure 1C ). It seems that adding sucrose simultaneously with tri-sodium citrate covered the surface of GNPs more efficiently in comparison with adding sucrose after preparing nanoparticle method. Moreover, the size of the particles did not change in the freeze-drying process ( Figure 1E and F) . Gold nanoparticle sucrose complexes as potent anti-inflammatory agents 7
Anti-inflammatory activity of GNPs
Anti-inflammatory activity of GNPs reduced the amount of swelling induced when carrageenan-induced edema in the hind paw of rats. Carrageenan, a high-molecular-weight sulfated polysaccharide, has been wildly used for induction of inflammation in animal models in experimental studies (Farsam et al., 2000) , (Amanlou et al., 2005) , (Hansra et al., 2000) . As the exact causes of inflammation are not yet well known, treatments of this disease have focused on relieving symptoms and reducing progression of inflammation rather than on curing the disease itself (Egan et al., 2002; Hansra et al., 2000; Radhakrishnan et al., 2003) . As shown in Figure 2 , swelling size was evaluated with a digital caliper. Meanwhile, the myochrysine did not decrease paw edema in rats. The MTX had a minor impact on the degree of swelling; it reduced swelling by 7% compared with the control. Indomethacin treatment significantly decreased paw edema; the size of swelling was reduced about 32%. The GNPs at the sizes of 21 and 34 nm significantly decreased the paw edema of rats by 46 and 37%, respectively, which proved the efficiency of the synthesized GNPs. 
In vivo distribution and liver GNPs uptake by ICP-MS
The ICP-MS analysis was performed to evaluate the distribution of GNPs in rat liver 6.5 h after administration of GNPs. The gold concentration in the liver after administration of 34 nm GNPs was 70 ± 11.2 ng/g of liver tissue. In the case of 21 nm GNPs, it was 535 ± 39.8 ng/g of liver tissue, which demonstrates size dependency of the effectiveness of nanoparticles. The amount of Au was 132 ± 23.4 ng/g of liver tissue in myochrysine i.p. injection. As expected, the largest amounts of gold accumulated in the liver after administration of 21 nm particles.
The possible toxicity of introduced nanoparticles in biological system has been related to their high surface area per unit mass as well as large number of atoms available for chemical reactions (Boraschi et al., 2017; Jurj et al., 2017; Singh, 2017) .
The ICP-MS in vivo results revealed high uptake of GNPs by hepatocytes, the main cells in the liver (>70%). The uptake of 21 nm GNPs by liver cells was higher than that by 34 nm particles. This could be due to the smaller size of nanoparticle or high phagocytic action of hepatic cells, which induced liver toxicity. The ICP-MS results indicated that as the size of GNPs increased, the nanoparticle concentration was decreased (Figure 3) . Analysis by one-way ANOVA with p ≤ 0.01 revealed that there are significant differences in GNPs uptake among different sizes of GNPs. The uptake of optimal nanoparticle concentration is therefore essential as more nanoparticles mean more toxicity to the human body. Based on these observations and our uptake study results, a higher amount of 21 nm GNPs was taken up by the liver cells. Consequently, 34 nm GNPs are more desirable for future clinical studies. 
In vitro cytotoxicity
An MTT assay was performed to determine the viability and the rate of HDF-1 cell proliferation on GNPs at 48h of culture. The MTT results after 24 h showed that HDF-1 cells were viable in the presence of ~21 and ~34 nm GNPs, which confirms the biocompatibility of these GNPs (Figure 4) . The GNPs indicated the increased cell proliferation and cell viability rate of HDF-1 cells during the culture period. In the case of ~34 nm GNPs, the assay showed higher cell proliferation and viability compared with other cell cultures (TCP and ~21 nm GNPs). In addition, MTT results showed lower concentrations of ~21 nm GNPs; the rate of cell proliferation increased and reached a maximum level at lower than 1 mg/mL. Meanwhile, when ~34 nm GNPs were used, the cell proliferation rate was dose-independent manner and statistically there were no differences in concentrations from 100 µg/mL to 10 mg/mL. These results demonstrate the cytocompatibility of the synthesized GNPs. 
Effects of GNPs on cytokine secretion
The effects of the GNPs on the level of pro-inflammatory cytokines, including TNF-α, IL-1β and IL-6, were investigated. Both 21 and 34 nm GNPs did not alter the production of TNF-α, IL-1β and IL-6 compared with control group 6 hours after the injection of carrageenan. The reason for not finding changes in the level of cytokines could be in part attributed to the measurement of cytokines in the plasma of the animal, as it take longer to observe significant alterations in the blood level.
Histopathological findings
Findings were analyzed by a semi-quantitative method. No glomerulonephritis was seen after application of synthesized GNPs. Mild infiltration of inflammatory cells and mild cellular damage seen as intracellular vacuoles were found in the 21 nm GNPs treatment ( Figure 5A ). There was no evidence of severe inflammation among other experimental conditions. Moreover, there was increase in cellular damage in the liver among the experimental conditions. Hepatitis was mild in the ~ 21 nm GNPs treatment. Degrees of inflammatory cell infiltration and capsular inflammation (as a sign of peritoneal irritation due to foreign body reaction) in all samples were seen (Figure 5 B and C). These were mild in the treatment with 34 nm GNPs and moderate in the 21 nm GNPs group. 
CONCLUSIONS
Synthesis, characterization and anti-inflammatory activity of GNPs complexes with sucrose using carrageenan induced rat paw inflammation method is reported. The complexes were thoroughly characterized and their cytotoxicity (in vitro), distribution (in vivo) and anti-inflammatory (in vivo) activities were evaluated. The complexes showed almost no cytotoxicity against HDF-1. The results of in vitro and in vivo anti-inflammatory activity screening indicated that GNPs with average size of 21 and 34 nm had significant anti-inflammatory effects, comparable with the commercially available drug indomethacin, with minimal histopathological cytotoxicity. We conclude, based on the overall positive findings in the biological testing, that GNPs complexes with sucrose could become usable alternatives to myochrsine or similar preparations as anti-inflammatory agents.
